The importance of the mitral apparatus to the left ventricular function has been suggested in several clinical studies of mitral valve replacement [1] [2] [3] [4] [5] [6] . These studies showed that mitral valve replacement with chordal transsection depressed postoperative ejection performance compared with mitral valve replacement with chordal preservation. Although the exact mechanism of the global depression of function observed after chordal transsection remains unclear, most evidence pointed to a local depression of function near the papillary muscle. Takayama et al. [7] reported that sectioning of the chordae tendineae led to a systolic bulge in the area of the papillary muscle. However, enhanced circumferential shortening and wall thickening in the myocardium overlying the papillary muscle insertion site were also found after chordal transsection in that study. These results indicated that the depressed ventricular function after chordal transsection was due to heterogeneity of regional wall motion at this site and speculated that regional myocardial fibers at this site were loaded by chordal tension.
Abstract:
The importance of the mitral apparatus to the global left ventricular (LV) function has been suggested in several clinical studies. One recent study reported that chordal transsection induced an unloading of myocardium at the papillary muscle insertion site. We hypothesized that the regional response for afterloading at this site with intact mitral apparatus was different from that at the free wall. We investigated the endsystolic pressure-regional segment length relations (ESPLR) in two anterior LV sites, free wall (FREE) and the papillary muscle insertion site (PAP), during an increasing afterload by aortic occlusion in 7 anesthetized open-chest dogs. To measure the regional segment length at FREE and PAP, two sets of the pair of sonomicrometer crystals were implanted in the same midwall depth at the same circumferential hoop by using an echocardiographic guide. ESPLR both at FREE and PAP were always highly linear in a physiological range (r Ն0.9). The slope of this relation at FREE (274Ϯ164 mmHg/mm) was significantly steeper than that at PAP (157Ϯ 118 mmHg/mm) for each dog (pϽ0.05). These data indicate that the regional response for afterloading at PAP loaded by chordal tension is different from that at FREE in the same heart. [Japanese Journal of Physiology, 51, 109-114, 2001] intubated, and ventilated by using a volume control respirator. Anesthesia was maintained with additional barbiturate injection (50 to 100 mg/h). The chest was opened via median sternotomy and left fourth intercostal space thoracotomy. The pericardium was opened. Two sets of the pair of sonomicrometer crystals for regional length measurement were implanted to the same midwall depth at the same circumferential hoop by using echocardiographic guide; one pair was implanted in the area of FREE, and another pair was implanted in the area of PAP (Fig. 1) . A silicone rubber pneumatic cuff occluder was positioned around the descending aorta. A high-fidelity micromanometer-tipped catheter (ANP-531, SENTRON, Netherlands) was placed into the carotid artery and advanced retrograde across the aortic valve into the left ventricle to measure left ventricular pressure.
Experimental protocol. In each dog, hemodynamic variables were recorded while the respirator was turned off at the end-expiratory state to avoid the effect of positive-pressure breathing. After control measurements, the cuff occluder around the descending aorta was inflated and the end-systolic pressure increased to approximately 30% above control in all dogs with a recording of 10-20 beats during the systemic pressure rise, and the occluder was immediately released. During each run, the following parameters were recorded on the multichannel recorder (SuperScope II, GW INSTRUMENTS, Massachusetts, U.S.): left ventricular pressure (LVP), regional segment lengths at FREE and PAP, dP/dt (peak positive first derivative of LVP), and electrocardiogram (ECG).
In a postmortem examination, we confirmed that two sets of the pair of sonomicrometer crystals were implanted in the area of papillary muscle insertion and free wall in each dog. The hearts were sectioned and carefully examined to determine the placement of the pair of sonomicrometer crystals.
All experimental procedures and environmental conditions were as recommended in our institutional guide for the care and use of laboratory animals.
Data analysis. Left ventricular pressure-segment length relations were constructed for a sequential cardiac cycle during changes in loading conditions, with the R wave of the ECG as a marker for end-diastole of each beat. The points of the end-systolic pressure-length relation (ESPLR) were determined by an iterative technique [8] . The end systole was defined by the slope of ESPLR, determined as E es ϭP es /(L es -L 0 ), where E es was the slope of ESPLR; P es was left ventricular pressure at end-systole; L es was segment length at end-systole; and L 0 was segment length axis intercept. For each cardiac cycle, the left ventricular pressure-segment length that maximized the value of E es was taken as the ESPL point. ESPL points from each beat were then analyzed by linear regression to calculate the parameters E es and L 0 . The new calculated value of L 0 was then used in a second iteration of the data. Iterations were repeated until both E es and L 0 were constant (usually three or four times). Consecutive left ventricular pressuresegment length loops were recorded on a storage personal computer while arterial pressure was gradually increased by a transient occlusion of descending aorta.
ESPLR were derived from a linear regression analysis during pressure rise until 150 mmHg as a limit of physiological range. Segment length was normalized so that the end-diastolic length (EDL) during control state was 10 mm. The extent of regional systolic shortening (%SS) was calculated as (EDLϪend-systolic length (ESL))/EDLϫ100 (%).
Statistical analysis. All values are reported as meanϮSD. The differences of ESPLR between two sites were analyzed by using ANCOVA (Super ANOVA version 1.1, Abacus Concepts CA) in each dog. To assess the statistical significance of changes in the regional length and %SS between the two sites from baseline to aortic occlusion, repeated measured ANOVA was used. Paired t-tests were used to assess the differences of hemodynamics, marker location, E es , and L 0 between FREE and PAP. Results with pϽ0.05 were considered statistically significant.
RESULTS

Marker location in postmortem examination
In a postmortem examination, we compared longi- tudinal and transmural positions of crystals used for analysis in the two sites. The mean percent distance from the base to the apex for FREE was 60Ϯ12%, and the mean percent distance for PAP was 58Ϯ14%. The mean depth of the crystals in the two locations ranged from 53 to 78% of wall thickness, measured from epicardium to endocardium. The wall thickness of PAP was that of the wall overlying the anterior papillary muscle except for the papillary muscle, because we could easily distinguish a boundary between the myocardial wall and the papillary muscle as shown in the early study [9] . Average crystal depth was 6.9Ϯ 0.9 mm at FREE and 7.1Ϯ0.9 mm at PAP. There were no significant differences of percent distance from the base. The mean depth of the crystals had no significant differences between FREE and PAP.
Comparison of regional systolic shortening between FREE and PAP on the baseline
On the analysis of ESPLR, the relatively large difference of L 0 was observed only in Dog #7, as shown in Fig. 3 . The influence of regional ischemia at PAP on the ESPLR could not be completely ruled out in Dog #7. Therefore we excluded the data of Dog #7 in this study. On the baseline, the mean heart rate of 6 dogs was 119Ϯ29 beats/min. The mean left ventricular end-diastolic pressure was 4.1Ϯ2.8 mmHg, and end-systolic pressure was 102Ϯ20 mmHg. The %SS at FREE (11.73Ϯ2.84%), expressed as a percent of the end-diastolic length, was significantly greater than that at PAP (7.96Ϯ2.88%, pϽ0.05).
Comparison of regional systolic shortening between FREE and PAP during the aortic occlusion
Each tracing of ECG, dP/dt, and LVP during transient occlusion of descending aorta was shown in Fig.  2 . With an acute occlusion of the descending aorta, end-systolic pressure increased significantly from 102Ϯ20 mmHg to 139Ϯ12 mmHg, associated with augmentation of ventricular end-diastolic pressure (EDP) from 4.1Ϯ2.8 mmHg to 5.0Ϯ3.1 mmHg. There was no significant change in heart rate ( Table 1) . ESL of the FREE and PAP increased significantly from 6.40Ϯ1.80 mm (FREE) and 6.16Ϯ1.32 mm (PAP) in the control to 6.52Ϯ1.82 mm (FREE) and 6.34Ϯ 1.37 mm (PAP) in aortic occlusion. On the baseline, %SS was significantly greater at FREE than at PAP. However, the significant difference of the declining %SS during aortic occlusion between two sites was not detected in ANOVA.
Papillary Muscle Insertion Site
End-systolic pressure-length relation
ESPLR derived from 6-11 consecutive beats during transient descending aortic occlusion were linear in all seven dogs ( Fig. 3 ; overall mean correlation coefficient of rϭ0.97Ϯ0.02). Individual ESPLR in all dogs had the significant differences between two sites detected by ANCOVA. The slope of ESPLR (274Ϯ 164 mmHg/mm) at FREE was significantly larger than the slope (157Ϯ118 mmHg/mm) at PAP in all dogs. Only Dog #7 had the relatively large difference of L 0 between two sites in Fig. 3 . Therefore we excluded the data of Dog #7 in this study. The extrapolated x-axis intercepts of the left ventricle (L 0 ) were not significantly different between FREE (8.40Ϯ0.36 mm) and PAP (8.35Ϯ0.41 mm), despite rather wide alterations of pressure-overloading states from a basal condition. The slope of ESPLR (300Ϯ164 mmHg/mm) at FREE is significantly larger than the slope (168Ϯ 126 mmHg/mm) at PAP in 6 dogs.
DISCUSSION
Regional function on the baseline. In the present study, circumferential systolic shortening (%SS) at FREE was significantly greater than that at PAP on the baseline. This result supported the hypothesis that circumferential shortening at PAP with intact mitral apparatus would be different from that at free wall in the same axis hoop. Holmes et al. [9] reported that regional deformation was depressed in the wall near the anterior papillary muscle, consistent with this study. However, they examined this difference between these two sites in the different groups of dogs. The present study was the first report to show the depressed circumferential shortening at PAP compared with FREE. Although a variety of studies have reported papillary muscle deformation [6, 10] , only a few have examined local deformation in the wall near the anterior papillary muscle [7, 9, 11] . Therefore the mechanisms of this difference of systolic shortening between these two sites were still unclear.
Takayama et al. [7] showed that regional circumferential systolic shortening was enhanced and wall thickening increased in the area of the papillary muscle insertion after chordal transsection. They speculated that this enhanced regional function after chordal section was caused by a local unloading of the myocardium at the papillary muscle insertion site. The local loading caused by the force transmitted along chordae tendineae may induce the depressed regional circumferential systolic shortening at PAP with an intact subvalvular apparatus. We speculated that papillary muscle and the myocardium at the papillary muscle insertion site was restricted to keep the LV shape during systole.
Regional function during the aortic occlusion. The %SS during aortic occlusion decreased by 9% of baseline (FREE) and by 29% of baseline (PAP), and the slope of ESPLR at FREE is significantly larger than that at PAP. Differences in the shortening of two sites may relate to the different force development between free wall and the mitral valve leaflet, allowing direct support of the force acting on the mitral valve during ventricular contraction. The net upward force acting on the mitral leaflets was transmitted along chordae tendineae. Thus the force may be greater in the papillary muscle than in the free wall during aortic occlusion and thereby account for reduced shortening characteristics when compared with those of the free wall under this condition [12] . We speculated that the force development transmitted along chordae tendineae induced the greater reduction of the extent of systolic segmental shortening in the papillary muscle insertion site. ESPLR provides a better information of regional function than commonly applied measures such as percent systolic shortening or wall thickening, because the latter measures depend on ventricular loading conditions, whereas the ESPLR does not [13] [14] [15] [16] [17] . A characterization of regional performance by ESPLR Papillary Muscle Insertion Site is limited because this relationship has only been shown to be a relatively load-independent measure of performance in synchronously contracting normal hearts, where changes in left ventricular pressure are directly related to alterations in regional load or wall stress. However, since there are currently no other accurate and validated methods to measure regional wall stress, ESPLR remains a useful and reproducible descriptor of regional end-systolic performance. We found the declined slope of ESPLR at PAP compared with FREE in this study. This difference might be caused by the different loading condition. Therefore the regional different loading condition because of the structure of myocardium should be considered to use the slope of ESPLR as the indicator of regional contractile state.
X-axis intercepts of end-systolic pressure-length relations (L 0 ) at FREE and PAP were not significantly different in six dogs, excluing Dog #7; the regional function between FREE and PAP theoretically should not be different at LVPϭ0 mmHg. This result supported that the difference of %SS between these two sites in six dogs was caused by the different regional loading conditions.
We conclude that the declined regional systolic shortening at the papillary muscle insertion site is enhanced by the increasing afterload compared with free wall. Our data indicate that the consideration of various regional loading conditions because of the different myocardial structure is important to evaluate the regional end-systolic performance.
